ms. As shown in
, a significant shift was after each of three consecutive conditioning blocks (each block consisted of 1600 pairs of stimuli, lasting found only at intervals within Ϯ20 ms but not at Ϯ41.7 ms, resembling the temporal specificity of spike timingfor 3 min). With both 8.3 and Ϫ8.3 ms intervals, a significant shift was induced after one to two blocks of condidependent synaptic plasticity found at several central synapses (Zhang et al., 1998 . Given the existence of stimulus timing-dependent plasticity, an ing and used the two alternative forced-choice task to identify the orientation that was perceived to be vertical, intriguing possibility is that some form of sequence learning may also occur in the visual cortex. both before and after conditioning. For all three subjects, we found that 300 pairs ‫04ف(‬ s) of S Ϫ2Њ →S ϩ2Њ conditioning induced clockwise (ϩ) shifts in the perceived orientation, Other Forms of Plasticity in Orientation Tuning whereas the S ϩ2Њ →S Ϫ2Њ conditioning induced counterSensory stimuli are capable of inducing changes in the clockwise (Ϫ) shifts. Furthermore, we found that a signifresponse properties of adult cortical neurons at various icant effect was induced only when the interval between time scales (Gilbert, 1998). As for orientation selectivity the two conditioning orientations fell within the window of neurons in the primary visual cortex, adaptation to of Ϯ40 ms ( 
/2 ). It is important to Electrophysiology
note that these noise levels were estimated for data collected over Adult cats were initially anesthetized with isoflurane (3%) followed by a 3 s period, and they would be lower with longer mapping time. sodium pentothal (10 mg/kg, i.v., supplemented as needed). During
To estimate the effect of the firing rate variability on the variability recording, anesthesia was maintained with sodium pentothal (3 mg/ in the estimated peak position of the tuning curve, we performed a kg/hr, i.v.) and paralysis with pancuronium bromide (0.1-0.2 mg/kg/ Monte Carlo simulation. A population of "3 s tuning curves" was hr, i.v.). The pupils were dilated with 1% atropine sulfate. Nictitating simulated by adding random noise (according to the noise level membranes were retracted with 2.5% phenylephrine hydrochloride, estimated above) to an ideal Gaussian tuning curve with a certain and the eyes were mechanically stabilized. End-expiratory CO 2 was peak position (e.g., at 90Њ), a peak amplitude of 80.4 (average peak maintained at 4%. Core body temperature was kept at 38ЊC, and spike count of our data), and a width at half height of 38Њ (average electrocardiogram and electroencephalogram were monitored contuning width measured in our experiment). Each "control" tuning tinuously. All experimental procedures were performed as approved curve was then generated by averaging three simulated 3 s tuning by the Animal Care and Use Committee at the University of Califorcurves; as in our experiment, each control tuning curve was mapped nia, Berkeley. Extracellular recording was made in area 17 using with three to four mapping blocks (3 s/orientation/block). Because tungsten electrodes (A-M Systems, Carlsborg, WA). Unit isolation of the noise in these simulated control tuning curves, the curvewas based on cluster analysis of waveforms, and the presence of fitting procedure yielded peak positions that scattered around 90Њ a refractory period was determined from the shape of the autocorrelwith a standard deviation of 1.4Њ (n ϭ 130, the number of data points ograms. Spike times were recorded with a millisecond resolution. we also did a control test in which two populations of tuning curves spikes/s. For mapping of orientation tuning both before and after (n ϭ 130 for each population) were simulated based on the same conditioning, drifting gratings at the optimal spatiotemporal freGaussian function; therefore, there was no underlying shift in peak quency of the cell were presented at 12 orientations spanning 165Њ position between the two populations. We applied the Wilcoxon (chosen to include the optimal direction of the cell) with a computertest on the peak positions of these two populations. This test consiscontrolled, pseudo-random sequence. Each orientation was pretently showed that the effect was not significantly different (p Ͼ sented for 3 s in each mapping block, with a 1 s interval between 0.40). Taken together, these simulation studies showed that the different orientations. For each cell, we first presented three to four Wilcoxon signed rank test used in our analysis was valid, as it mapping blocks to measure the control orientation tuning, followed faithfully reported whether or not there was an underlying shift in by interleaved presentation of conditioning (1600 pairs, ‫3ف‬ min) and the data. In addition, when we applied the t test rather than the mapping ‫1ف(‬ min) blocks. Conditioning at the same S Ϯ15Њ →S o or Wilcoxon test to our experimental data, the significance levels were S o →S Ϯ15Њ interval was repeated for one to three blocks consecutively. very similar to those obtained from the Wilcoxon test, indicating For each cell, we measured the shifts in orientation tuning induced that the statistical significance was relatively insensitive to the speby both S ϩ15Њ →S o (or S o →S ϩ15Њ ) and S Ϫ15Њ →S o (or S o →S ϩ15Њ ) conditioncific test used. ing at the same interval, which should have induced shifts in opposite directions. Conditioning-induced shifts were measured relative to the tuning immediately before the conditioning in each direction. Psychophysics Because, in principle, the shift induced by the second conditioning Viewing was binocular from 114 cm with free head. Subjects were could be confounded by the decay of the effect induced by the first instructed to maintain fixation on a square (0.25Њ ϫ 0.25Њ; luminance ϭ conditioning, we compared the mean shifts induced by the first and 80 cd/m 2 ) throughout each session. Both conditioning and testing the second conditioning and found no significant difference at any gratings (0.71 cycles/Њ, random phases, 50% contrast) were preof the intervals. For example, for the first conditioning, the shifts sented in a circular patch (diameter ϭ 7Њ), the center of which was were 2.2 Ϯ 0.7 and Ϫ1.8 Ϯ 0.3 for 8.3 and Ϫ8.3 ms, respectively, and at the horizontal meridian but 6Њ to the right of the fixation point. for the second conditioning, the shifts were 2.4 Ϯ 0.6 and Ϫ1.8 Ϯ 0.4, For conditioning, gratings at 2Њ clockwise (S ϩ2Њ ) and counterclockrespectively. Therefore, in the population analysis (Figure 4) , the wise (S Ϫ2Њ ) from vertical were used. This small angle was chosen to effects of the first and the second conditioning were combined. reduce perceived rotation and to avoid motion aftereffect, which presumably involves motion-sensitive extrastriate areas such as MT and MST. Such precaution was taken in the psychophysical Statistical Analysis The orientation tuning of each cell was mapped relatively briefly experiments because perception of orientation may depend on the neuronal responses in the extrastriate cortical areas as well as in both before and after conditioning, which may have resulted in a high degree of variability. We estimated the variability of our mea-V1, and potential changes in the extrastriate cortical areas induced by conditioning might confound the relationship between conditionsurement by comparing the results of the three to four mapping blocks during the initial control period for each cell. 
